Conventional oral therapies for the treatment of tuberculosis are limited by poor antibiotic distribution in granulomas, which contributes to lengthy treatment regimens and inadequate bacterial sterilization. Inhaled formulations are a promising strategy to increase antibiotic efficacy and reduce dose frequency. We develop a multiscale computational approach that accounts for simultaneous dynamics of a lung granuloma, carrier release kinetics, pharmacokinetics, and pharmacodynamics. Using this computational platform, we predict that a rationally designed inhaled formulation of isoniazid given at a significantly reduced dose frequency has better sterilizing capabilities and reduced toxicity than the current oral regimen. Furthermore, we predict that inhaled formulations of rifampicin require unrealistic carrier antibiotic loadings that lead to early toxicity concerns. Lastly, we predict that targeting carriers to macrophages has limited effects on treatment efficacy. Our platform can be extended to account for additional antibiotics and provides a new tool for rapidly prototyping the efficacy of inhaled formulations.
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Tuberculosis (TB), caused by inhalation of the bacterium Mycobacterium tuberculosis (Mtb), remains a widespread concern even with the availability of curative antibiotics. [1] [2] [3] Current antibiotic regimens require a minimum of 6 months of treatment: daily oral doses with a combination of rifampicin (RIF), isoniazid (INH), pyrazinamide, and ethambutol for 2 months, followed by 4 months of RIF and INH. 4 The length and combinatorial nature of "first-line" drug regimens may result in patient compliance issues and chronic toxicity. 1, 2, 5 There is a desperate need for new strategies that can shorten lengthy treatment periods and reduce dose frequency. 1, 5, 6 A central feature of the immune response to Mtb is the formation of granulomas, organized structures of macrophages and lymphocytes that form around infected macrophages and extracellular Mtb in lungs. 1, 3, 7 Multiple independently evolving granulomas form in a host's lungs. 8, 9 The heterogeneity of Mtb populations in granulomas, with bacteria residing in both intra-and extracellular compartments, and varying growth states all influence the effectiveness of antibiotics. 1, 10 Current oral antibiotic regimens can lead to poor antibiotic penetration into granulomas, causing suboptimal exposure, permitting bacterial re-growth between doses, and necessitating long treatment durations. 1, 10, 11 Delivery of antibiotics by an inhaled route could overcome limitations of oral dosing for treatment of TB. 2, [12] [13] [14] The principle of inhaled formulations is that a fabricated carrier loaded with antibiotics is dosed into the lungs by means of an aerosol delivery system (e.g., nebulizer). 13, 14 Based on physical characteristics, carriers settle in different lung regions and are taken up by alveolar macrophages and lung endothelial cells. 2, 12 Carriers release preloaded antibiotics based on tunable physiochemical properties such as carrier size and diffusivity of antibiotics through the carrier. The most extensively used carriers are poly-lactic acid (PLA) and poly-lactic-co-glycolic acid (PLGA) formulations that are tuned for slow and sustained release of antibiotics. 2, 12 As granulomas are found in host lungs, an inhaled dose should elevate antibiotic concentrations in the lungs and avoid "first-pass" effects, thus increasing sterilizing capabilities. Additionally, targeting carriers to macrophages might further augment sterilizing capabilities of antibiotics by directly elevating concentrations within the bacterial niche. 12, 13, [15] [16] [17] [18] With increased sterilizing capabilities, dosing frequency could be reduced, alleviating compliance and toxicity concerns associated with daily oral treatments.
Encapsulated formulations are rapidly phagocytosed by infected macrophages in vitro, elevating intracellular concentrations and improving sterilization capabilities. [15] [16] [17] [19] [20] [21] However, these studies do not reflect the dense macrophage-laden characteristics of granulomas. Improved efficacy of inhaled doses compared with oral doses has been demonstrated in murine, rat, and guinea pig models of Mtb infection. 2, [12] [13] [14] 22, 23 Although these studies have shed light on the efficacy of inhaled formulations, murine, rat, and guinea pig models have different antibiotic pharmacokinetics and lack many characteristics of human TB, such as latent infection and granuloma organization. 7, 13 Relevant in vivo studies include single doses of inhaled formulations into the lungs of healthy nonhuman primates (INH) and humans (capreomycin). 24, 25 An inhaled formulation of INH had twofold higher area-under-curve (AUC)/ minimum-inhibitory-concentration (MIC) indices measured from plasma, compared with oral doses. 24 An inhaled formulation of capreomycin leads to plasma concentrations above MIC, but for less than 4 h. 25 Although promising, most relevant in vivo studies are only able to measure temporal plasma concentrations after inhaled dosing. For inhaled formulations, it is assumed that extended periods of elevated antibiotic concentrations in plasma directly translate to increased exposure in granulomas. 1, 19, [24] [25] [26] [27] However, oral dosing studies demonstrate that antibiotic exposure in granulomas is significantly different than antibiotic exposure in plasma. 1, 10, 11 To better understand the potential for inhaled antibiotic formulations to improve sterilization of bacteria in granulomas, we need an approach that simultaneously accounts for granuloma dynamics, inhaled carrier behavior, release kinetics, pharmacokinetics, and pharmacodynamics of antibiotics. We use a systems pharmacology approach and extend our existing computational model of granuloma function and oral antibiotic treatment, from Pienaar et al., 11 to include inhaled dosing and antibiotic release from a generalized carrier system. We follow concentrations of RIF and INH in granulomas for both inhaled and oral dosing to understand the effects of carrier physiochemical properties and release kinetics (e.g., size, diffusivity, etc.), dosing frequency, and pharmacokinetics on treatment efficacy. Using understanding gained from these studies, we rationally design inhaled formulations of RIF and INH given at reduced dose frequencies with equivalent or better sterilizing capabilities compared with daily oral dosing. These findings illuminate fundamental mechanisms driving efficacy of inhaled formulations and inform design of superior carriers for in vivo testing.
METHODS
Pharmacokinetic (PK) model. The four-components of our model are shown in Figure 1 . We modify the PK model from Pienaar et al. to allow for dosing by means of both inhaled and oral routes. 11 The PK model (Eqs. 1-6) includes two transit compartments (C A1 , C A2 ), a plasma compartment (C PL ), a peripheral compartment (C PE ), a noninfected lung compartment (C L ), an intracellular macrophage subcompartment (C M ) at pseudo-steady-state, and a granuloma compartment (described below) (Figure 1a) .
); CL A , CL PE , CL M are clearance rate constants (L/kg*h) from second transit, peripheral, and macrophage compartments; Q P and Q L are between compartment transfer rate constants (h -1 ); V PL , V PE , and V L are apparent distribution volumes (L/kg) of plasma, peripheral, and noninfected lung compartments; PC L is permeability coefficient for noninfected lung compartment; M DL (t) and M DM (t) are time-varying antibiotic release rates (mg/h) from inhaled carriers (described in Inhaled Carrier Model below); N Ext and N Int are time-varying number of inhaled carriers in noninfected lung and macrophage compartments; L L is total lung volume (L), and N M is number of macrophages in noninfected lung. The pseudo-steady-state between noninfected lung and intracellular macrophage compartments is given by:
A T is total mass (mg) of antibiotics (sum of intra-and extracellular); E M is equilibrium partition coefficient, and L M is volume (ml) of a macrophage. Antibiotics exit the plasma compartment and enter the granuloma compartment at vascular sources designated in the simulation grid ( Figure 1b ) based on the concentration gradients between the plasma compartment and the granuloma compartment (C Ext ).
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dC Ext ðx; y; tÞ dt 5ðp Á A S Þ PC L Á C PL 2C Ext ðx; y; tÞ (Eq. 9)
A S is surface area of a vascular source (cm 2 ), P is vascular permeability (cm/s), and PC L is partition coefficient. PK model parameters are given in Supplementary Table S1 .
Granuloma model of Mtb infection. Our two-dimensional hybrid multiscale agent-based model of granuloma formation and function during Mtb infection describes processes across three scales: tissue, cellular, and molecular ( Figure 1b ; Supplementary Model Appendix S1). 11, [29] [30] [31] [32] Briefly, the granuloma model represents a 16 mm 2 section of lung tissue and describes macrophages, T-cells, and three Mtb subpopulations: intracellular, extracellular, and nonreplicating. The formation of a granuloma is an emergent behavior in response to infection. The model tracks agent states, interactions, and chemokine/cytokine diffusion and degradation. Receptor-ligand trafficking and signaling events are estimated using a tuneable resolution approach. 11, 29, 31, 33 The model captures spatial and temporal dynamics of RIF and INH through extracellular diffusion and degradation, cellular uptake and intracellular degradation. 11 Cellular accumulation of soluble antibiotics is assumed at pseudo-steady-state given by:
C Int ðx; y; tÞ5E M Á C Ext ðx; y; tÞ (Eq. 11)
C Ext and C Int are extra-and intracellular concentrations (mg/ml), and L Grid is volume (ml) of a grid compartment. Parameter values for apparent RIF and INH diffusivity (cm 2 /s), intra-and extracellular degradation rate (s -1 ), and equilibrium partition coefficient were fit to experimental measurements of antibiotic distribution in Pienaar et al.
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Granuloma model parameters are given in Supplementary  Table S2. Inhaled carrier model: granuloma compartment. An inhaled dose arrives in the granuloma model, as fraction f D of the total dose ( Figure 1a ). The granuloma model represents a small section of lung tissue where infection occurs, and individual carriers ($10 3 deposited carriers) are modeled as agents ( Figure 1c) . We assume the representative section of lung tissue contains ample alveolar space, and thus an inhaled dose is randomly deposited into the simulation environment. Deposition does not occur in microcompartments characterized as part of the granuloma, as alveolar space is not observed inside granulomas (Supplementary Figure S1a) . 9, 34 We do not model specific carriers, but instead describe a general carrier formulation similar to polymer-encapsulated antibiotics. [15] [16] [17] [19] [20] [21] Carrier behavior is illustrated in Figure 1c Release of antibiotics from carriers occurs in both the intra-and extracellular environment ( Figure 1c) . [15] [16] [17] [19] [20] [21] We model release kinetics by describing diffusion of antibiotics through a spherical carrier and degradation of the carrier system itself, with time varying boundary conditions. 40 ), an intra-or extracellular concentration. We assume first-order degradation kinetics, which directly affects diffusivity of antibiotics in carriers 41 :
DðtÞ5P drugDiff e ð2P deg tÞ (Eq. 13)
P drugDiff is the initial diffusivity of antibiotics in the carrier (lm 2 /s) and P deg is the carrier degradation rate (s -1 ), specific to whether the carrier is intra-or extracellular. Based on relative rates of diffusion and degradation specified, carrier release kinetics can be either diffusion-controlled or degradation-controlled (Figure 1c) . [40] [41] [42] All carrier parameters are given in Supplementary Table S1 .
Inhaled carrier model: noninfected lung compartment. An inhaled dose arrives in the noninfected lung and intracellular macrophage compartments, as fraction (1-f D ) of the total dose ( Figure 1a) . The number of carriers deposited is large ($10 9 ) and a homogenous representation of carriers is used (Figure 1a) . We partition the (1-f D ) dose into both compartments, based on the probability of macrophage uptake. We solve carrier release equations (Eqs. 12-13) for a representative carrier in each compartment with appropriate boundary conditions, C L and C M , and scale the mass of antibiotic release by the total dose in each compartment. Carrier degradation rates are set as the extracellular degradation rate for the noninfected lung compartment and the intracellular degradation rate for the intracellular macrophage compartment.
Pharmacodynamic (PD) model. We use a PD model (Figure 1d ) calibrated against nonhuman primates (NHPs) given monotherapies of RIF or INH constructed in Pienaar et al. 11 Briefly, E max functions (using C 50 values and Hill-constants, H) describe the antibacterial activity of RIF and INH against multiple bacterial subpopulations (Figure 1d ) based on the local antibiotic concentration (intra-or extracellular), which varies in both space and time in the granuloma model. Estimates of C 50 and H were based on in vitro dose-response curves, while estimates of E max were determined from comparisons to NHP data of colony forming units (CFU) and sterilized granulomas after 2 months of daily dosing with RIF or INH.
11,43 PD model parameters are given in Supplementary Table S1 .
Model analysis
We investigate antibiotic efficacy at the single granuloma scale. We simulate 100 d postinfection and subsequently treat with antibiotics for an additional 200 d by means of the oral or inhaled route (two dosing frequencies: daily or every 2 weeks). We define successful granuloma treatment as sterilization of all bacteria in a granuloma by 200 d posttreatment initiation. NHPs have a range of 3-30 granulomas; the probability of successfully sterilizing all granulomas in a single NHP is significantly lower than on an individual granuloma scale. We calculate cumulative granuloma and peripheral antibiotic exposure (AUC) for 14-d timeframes. Peripheral AUC is used as an estimate of toxicity. 10 Uncertainty and sensitivity analysis is used to identify inhaled antibiotic model parameters that have significant effects on model outputs related to treatment efficacy. 44 Additional model details can be found in the Supplementary Text.
RESULTS
Model calibration with non-human primate experimental data Our granuloma model of Mtb infection, without antibiotic treatment (Figure 1b) , was previously calibrated and validated against measurements of CFU per granuloma from a NHP model of TB. 8, 11, 32 We calibrate our modified PK model ( Figure 1a ) with previously published data for two dose formulations from NHP models of TB ( (Figure 2c) . 8, 24 Deposition of inhaled particles is influenced by physiochemical properties, inhalation methods, and variability in patient inhalation, impacting bioavailability and treatment efficacy. 45 We focus on processes downstream of inhalation and deposition, but future studies could include computational fluid dynamics-based models of human lung deposition. 45 Based on measured microparticle size, aerodynamic diameter, and fractional lung deposition ($10%-30%), we estimate the total deposited inhaled dose (input to our model) to be 1.2 3 10 9 particles. 24, 46 We fix the deposited dose at this physiologically relevant value here and in all further simulations. Using the oral doses and calculated carrier-related parameters (Figure 2, legend) , we vary multiple PK parameters to best fit plasma kinetics of single oral doses of RIF and INH and a single inhaled dose of INH (Figure 2) . 6, 18, 24 We establish baseline ranges of PK-related parameters that account for host-to-host variability and randomly choose parameter values from these ranges (Supplementary Text and Supplementary Table S1 ).
Combination of pharmacokinetic and carrier-release properties control the efficacy of inhaled formulations We use sensitivity analysis to understand which dynamics most affect treatment efficacy (CFU, granuloma AUC, peripheral AUC, and time to sterilization) for inhaled formulations of RIF and INH. We analyzed daily and 2-week dosing frequencies to compare changes in treatment dynamics at reduced frequencies. Tables 1 and 2 demonstrate that:
(1) increased antibiotic loading promotes bacterial sterilization, (2) carrier release kinetics control treatment efficacy and differ with dosing frequency, and (3) pharmacokinetics influence availability of antibiotics in granulomas (Supplementary Text and Supplementary Tables S3 and S4) .
For both RIF and INH, more frequent inhaled dosing (daily) allows carriers to be designed with faster carrierrelease profiles (higher diffusivity in the carrier and degradation rates) as another dose is given after a short interval (Tables 1 and 2 ). Faster carrier release profiles are negatively correlated with CFU and time to sterilization, and positively correlated with granuloma and peripheral AUC. With less frequent dosing (every 2 weeks) INH requires a carrier designed with slower carrier-release and degradation profiles to maintain high levels of granuloma exposure with decreased CFU (Table 2) . RIF requires a carrier designed with faster carrier-release profiles to increase granuloma exposure but this has limited effects on CFU ( Table 2) . Pharmacokinetic parameters have large influences on antibiotic exposure in granulomas for both dosing frequencies; clearance of RIF and INH from the peripheral compartment is correlated with many facets of treatment dynamics (Tables 1 and 2 ).
Targeting inhaled formulations to macrophages has limited effects on treatment efficacy due to the dynamics of granulomas Targeting inhaled carriers to macrophages (the bacterial niche) could enhance efficacy of inhaled treatments, as phagocytosis of carriers in vitro leads to increased intracellular concentrations of antibiotics. [15] [16] [17] [19] [20] [21] Yet, there is no direct evidence that targeting inhaled carriers to Ranges are used for multiple model PK parameters (absorption rates, clearance rates, and volume of distributions -see Supplementary Table S1 ) to give inter-individual variability (based on ranges for RIF and INH derived from the NHP model in Lin et al. macrophages in granulomas provides any treatment advantage. Using sensitivity analysis we explored the effects of macrophage targeting on treatment efficacy (CFU, granuloma AUC, peripheral AUC, and time to sterilization) for inhaled formulations of RIF and INH. We varied parameters that control macrophage uptake including carrier charge, movement rate, and a generalized form of ligand targeting (Tables 1 and 2 ). Our analysis predicts that parameters influencing targeting of inhaled carriers to macrophages have limited effects on treatment efficacy for both RIF and INH. At both dosing frequencies of inhaled formulations of RIF, increased macrophage targeting leads to decreased antibiotic exposure in granulomas and actually hinders sterilization of bacteria ( Table 1) . For daily dosing of an inhaled formulation of INH, increased carrier charge (causing decreased uptake) is negatively correlated with CFU ( Table 2) . Macrophage targeting is limited by granuloma structure as it prevents inhaled carriers from trafficking to, and being phacoytosed by, infected macrophages in the core of granulomas. This restricts any proposed advantages of elevated intracellular antibiotic concentrations. This limits macrophage uptake to outer region granulomas, where populations are mainly healthy macrophages (movies -http://malthus.micro.med. umich.edu/lab/movies/InhaledAbx/). Therefore, our model predicts that there are no significant treatment benefits in designing inhaled carriers that specifically target macrophages due to the spatial dynamics of granulomas.
An inhaled formulation of RIF can reduce the necessary dose frequency but requires high antibiotic loading which can lead to increased toxicity We identified 14 different inhaled formulations of RIF, dosed every 2 weeks, from sensitivity analysis that had equivalent CFU and reduced peripheral AUC at 7 d posttreatment initiation compared with daily dosed oral formulations Time to sterilization 222 P load , load mass of drug (mg/carrier); P size , size of carrier (lm); P drugDiff , diffusivity of drug in carrier (lm 2 /s); P intDeg , carrier intracellular degradation rate (L/s); P extDeg , carrier extracellular degradation rate (L/s); P zeta , carrier zeta-potential (mV); P diff , diffusivity of carrier in lung tissue (cm 2 /s); M uptake , macrophage maximum carrier uptake probability (unitless); P TL , carrier density of targeting ligand (#/carrier); M TR , macrophage density of targeting receptor (#/cell); K D-TLR , ligand-receptor dissociation constant (M); k TLR , ligand-receptor carrier uptake rate (#/cell*s); k abs , absorption rate constant (1/hr); CL abs , clearance rate from the second absorption compartment (L/h*kg); V p , peripheral volume distribution (L/kg); CL p , clearance rate from peripheral compartment (L/h*kg); -/1, P < 0.05; --/11, P < 0.001; ---/111, P < 0.0001 from sensitivity analysis. Time to sterilization 222 111 P load , load mass of drug (mg/carrier); P size , size of carrier (lm); P drugDiff , diffusivity of drug in carrier (lm 2 /s); P intDeg , carrier intracellular degradation rate (L/s); P extDeg , carrier extracellular degradation rate (L/s); P zeta , carrier zeta-potential (mV); P diff , diffusivity of carrier in lung tissue (cm 2 /s); M uptake , macrophage maximum carrier uptake probability (unitless); P TL , carrier density of targeting ligand (#/carrier); M TR , macrophage density of targeting receptor (#/cell); K D-TLR , ligand-receptor dissociation constant (M); k TLR , ligand-receptor carrier uptake rate (#/cell*s); k abs , absorption rate constant (L/h); CL abs , clearance rate from second absorption compartment (L/h*kg); V p , peripheral volume distribution (L/kg); CL p , clearance rate from peripheral compartment (L/h*kg); -/1, P < 0.05; --/11, P < 0.001; ---/111, P < 0.0001 from sensitivity analysis. Carrier dose used: 1.2310 9 carriers. 1/-signs indicate positive or negative correlations. The number of 1/-signs indicates the strength of correlations (e.g., 111 vs. 1 indicates a stronger positive correlation of the former parameter compared to the latter parameter). 43 Design of Inhaled Formulations for Treatment of TB Cilfone et al.
(Supplementary Text). Using these candidates along with an understanding of which dynamics most affect treatment efficacy, we designed an ideal in silico inhaled formulation of RIF dosed every 2 weeks. We design the carrier with a RIF loading of 1.18 3 10 -6 mg/particle, an extracellular degradation rate threefold lower than the intracellular rate, and a high RIF carrier diffusivity, which promotes rapid-release of antibiotics from the carrier (Figure 3a) ; the total 2-week dose is equivalent to the oral formulation. We observed no significant difference between the inhaled formulation, given every 2 weeks, and daily oral dosing when comparing hazard ratios (HR) (Figure 3b) . The inhaled formulation may prevent treatment failures by increasing early sterilizing capabilities of RIF compared with daily oral dosing (Supplementary Figure S2a) .
Comparing average granuloma concentrations of RIF between the two formulations, we observe a significant difference in temporal dynamics: the inhaled formulation only eclipses the C 50 of extracellular Mtb immediately after dosing and never surpasses the C 50 for intracellular or nonreplicating Mtb (Figure 3c) . Average granuloma concentrations of RIF steadily decrease, indicating that high antibiotic loading and fast carrier-release kinetics cannot maintain effective concentrations of RIF over the 2-week dosing window (Figure 3c ) (movies -http://malthus.micro.med.umich.edu/ lab/movies/InhaledAbx/). In part, this is due to the pharmacokinetics of RIF as it distributes rapidly from the site of dosing (lung) to other tissues, as demonstrated by the limited changes in the normalized ratio of granuloma to peripheral AUC (16%) and granuloma to plasma AUC (17%) (Figure 3d) . Early granuloma and peripheral AUCs are elevated after inhaled dosing compared with oral dosing, indicating that early granuloma exposure is associated with elevated toxicity (Supplementary Figure S2b-d) . Daily oral dosing has similar problems surpassing C 50 values for intracellular and nonreplicating Mtb, but the higher dosing frequency leads to average granuloma concentrations that exceed the C 50 of extracellular Mtb after each dose ( Figure 3c ). Taken together, these results suggest that the dosing frequency of RIF could be reduced by appropriately designing an inhaled formulation. However, there is increased early toxicity, a possibility in reducing RIF to a bacteriostatic agent due to low concentrations within granulomas, and limited feasibility based on the high carrier loading that would be required.
An inhaled formulation of INH can reduce the necessary dose frequency, increase therapeutic efficacy, and lessen toxicity We identified eight different inhaled formulations of INH, dosed every 2 weeks, from sensitivity analysis that had equivalent or reduced CFU and reduced peripheral AUC at 7 d posttreatment initiation compared with daily dosed oral formulations (Supplementary Text). Using these candidates, along with an understanding of which dynamics most affect treatment efficacy, we designed an ideal in silico inhaled formulation of INH to be dosed every 2 weeks. Based on the parameter values of candidate formulations, we design the carrier with an INH loading of 7.2 3 10 -8 mg/ particle, a similar intra-and extracellular degradation rate, and a low INH carrier diffusivity, causing slow-release of antibiotics from the carrier (Figure 4a) . This equates to a 12-fold lower total 2-week dose compared with the oral formulation. We observe a significant difference in sterilizing capabilities between the inhaled formulation, given every 2 weeks, and daily oral dosing (Figure 4b ). The HR is 1.6 (95% confidence interval: 1.2 to 2.3) demonstrating decreased time to sterilization (all sterilized by 100 d posttreatment) and fewer failed treatments with an inhaled formulation (Figure 4b) .
Average INH granuloma concentrations during treatment with the inhaled formulation are sustained above C 50 values for intra-and extracellular Mtb populations for the entire dosing window, compared with daily oral dosing (Figure 4c ) (movies -http://malthus.micro.med.umich.edu/ lab/movies/InhaledAbx/). Sustained granuloma concentrations of INH during treatment prevent bacterial re-growth between doses associated with daily oral INH dosing (Supplementary Figure S3a) . The inhaled formulation maintains effective granuloma concentrations of INH due to the combination of slow carrier-release kinetics, dosing to the site of infection, and gradual distribution of INH from lungs to other tissues. The normalized ratio of granuloma to peripheral AUC is increased 42% and granuloma to plasma AUC is increased 37% (Figure 4d) , indicating that the inhaled formulation is able to provide additional granuloma exposure while simultaneously reducing toxicity (Supplementary Figure S3b-d) . Increased relative exposure in the granuloma from an inhaled formulation occurs at a significantly reduced total 2-week dose (Figure 4a) . Together, these results demonstrate that a suitably designed inhaled formulation of INH can reduce dose frequency, increase sterilizing capability, and reduce toxicity by maintaining suitable concentrations in granulomas for the entire dosing window.
DISCUSSION
Rational development of inhaled antibiotic formulations for treatment of TB necessitates a systems pharmacology approach that simultaneously captures pharmacokinetics, granuloma dynamics, carrier-release dynamics and behavior, and pharmacodynamics. We developed a computational model that tracks these dynamics and used it to understand what controls treatment efficacy and to rationally design inhaled formulations with reduced dosing frequencies.
We predict that an inhaled formulation of INH, dosed every 2 weeks, would have better sterilizing capabilities and reduced toxicity compared with daily oral dose formulations. The antibiotic loading of INH is highly feasible ($30%-50% w/w) and slow release kinetics could be designed by modulating physiochemical properties of carriers such as polymer molecular weight. 21 In contrast, inhaled formulations of RIF, dosed every 2 weeks, have equivalent sterilizing capabilities as daily oral dose formulations, but with early increased toxicity. Additionally, impractical carrier loadings of RIF, exceeding 90% w/w, likely render it a nonviable alternative. Two factors contribute to stable antibiotic concentrations (RIF and INH) in the lungs after inhaled dosing: (1) directly dosing to lungs bypasses the first hepatic pass associated with oral dosing, (2) transport of antibiotics is reversed (antibiotic is released into lungs and absorbs into plasma to be cleared vs. antibiotic absorbing into the plasma, circulating to lungs, and absorbing into lungs). Thus, concentrations of antibiotics in the lungs can be maintained at higher concentrations for extended periods of time as compared to oral dosing.
There has been considerable effort targeting inhaled carriers to macrophages, assuming that increasing intracellular antibiotic concentrations would increase sterilization. 12, 13, [15] [16] [17] [18] Using our model, we predict that targeting carriers to macrophages has limited effects on overall treatment efficacy. This is principally due to discrepancies between in vitro settings, where the majority of macrophages are infected and an abundance of carriers are available for phagocytosis, and in vivo infection scenarios, where infected macrophages reside in the center of a densely packed granuloma.
Compliance is a long-standing concern for TB treatment. Current oral regimens are lengthy and complex, which contributes to failed treatments. 1 Direct-observed treatment short-course now accompanies most regimens in an attempt to prevent failures, yet successful treatment rates of antibiotic-susceptible TB are only 34%-76%. 47, 48 New treatment strategies that reduce dose frequency and alleviate "pill-burdens" could revolutionize treatment compliance. We predict that properly designed inhaled formulations of INH could be promising avenues to accomplish these goals. However, the applicability of inhaled formulations must be taken in context with other antibiotics, as monotherapies are not used for treatment of TB due to development of antibiotic resistance. Furthermore, hosts have multiple granulomas ($3-30), thus success of treatment at the host scale is the collective success of treatment in individual granulomas. 34 The incidence of both multidrug resistant and extensively drug resistant TB cases is rising. 49 Although inhaled formulations can reduce dosing frequencies, exposing Mtb to lengthy periods of low antibiotic concentrations might cause onset of antibiotic-resistance. 1, 50 Inhaled formulations of RIF may contribute to increased resistance due to diminishing antibiotic concentrations in granulomas during less-frequent dosing windows (Figure 3c ). Inhaled formulations of INH could prevent resistance development by reducing cycling between effective and noneffective antibiotic concentrations associated with daily oral dosing. Additionally, faster times to sterilization could reduce the likelihood of resistance mutations (Figure 4c) . Further work with our systems pharmacology approach is needed to develop an accurate model of antibiotic-resistance to further assess clinical viability of inhaled formulations.
Current treatment strategies for TB rely on antibiotics developed half a century ago, before the advent of systems pharmacology approaches. 1 Herein, we developed a computational approach to design inhaled formulations of RIF and INH for treatment of TB. We found that inhaled formations of INH are promising, yet inhaled formations of RIF are likely ineffective due to toxicity concerns. There has been limited testing of inhaled formulations in humans and NHPs with TB due to high costs and ethical concerns. Our model framework functions as a tool to rapidly assess efficacy of inhaled formulations in a representative model of TB that can be tested in and validated against future in vivo data. In addition, this platform can be readily adapted to prototype possible inhaled formulations of "second-line" antibiotics used to treat drug-resistant TB. Second-line antibiotics, such as fluoroquinolones and aminoglycosides, are given for 18-24 months and are highly toxic. 1 The ability to quickly assess which second-line antibiotics would be promising candidates for an inhaled formulation would considerably reduce development time of new treatments. Our unique computational platform, used in parallel with experimental models, provides an integrated approach to improve treatment of TB.
